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The Technological Roadmap

Sensor integration with electronics is at the heart of modern experimental 
HEP. There is a continuing revolution in this area - driven by commercial 
applications. 3D integration is an area of great promise – well aligned to HEP 
needs. substantial progress can be made. It is commercially mature. 
No new results presented – a survey of technological developments,
prospects, current status and some history.
It is one part of this wide front of sensor and electronics development:
• 3D integration of electronics and sensors
• Interposers, chiplets and other interconnect technology
• Substrate engineering, LGADs, photodetectors, CCD variants
• Monolithic active pixel detectors, stitching
• SPADs, LGADs and other amplifying structures
• Radiation hard materials and structures
• Mechanics and cooling
There is a bonanza of emerging technologies … We can utilize them 
separately or in combination to advance experimental physics
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factors, like variation of temperatures in the structure due to 
poor heat flow being impeded by the existence of oxides, 
presence of inter-tier cross-talk paths that may be dominant 
over interferences between components on the same tier, 
varying carrier mobility due to the straining of transistor on 
the BOX, variation of transistors’ threshold voltages due to 
flow of ions eased through oxides, etc. [23][24][25][26]. 

 

 
Fig. 1. Conceptual representation of the fabrication of a 3D-IC chip using 

the via last method and circuits manufactured on CMOS SOI type wafers. 
 
The immediate successor, called VIP2a, of the first 

prototype was submitted in the FDSOI process to the next 
3DM3 run opened by MIT-LL in 2008. The guidelines, aimed 
at the increase of yield and improvement in the operation of 
the circuitry were worked out and used in the design of the 
VIP2a chip. The power and ground routings were 
strengthened by linking them in a extensive mesh with 
connections between tiers in each pixel. The rules for trace 
routing were scaled by a factor equal to 1.2, resulting in wider 
paths and larger clearances. The process was virtually down-
graded to a 0.5 Pm feature size in respect to the rules for 
transistor sizes to decrease off-state leakages and to average 
structural effects. The delivery of the VIP2a chip is expected 
in early 2010. 

More recent design work at Fermilab has focused on a 3D-
IC process using bulk CMOS wafers with Cu-Cu thermo-
compression bond interface. The processing of a commercial 
full CMOS 0.13 Pm is supplemented by insertion of TSVs 
after completion of FEOL. The reactive ion etching (RIE) 
technique, as a first function meeting the installment of 
shallow trench isolations (STI), is applied for incising cavities 
for TSVs that are filleed with tungsten afterwards. The wafers 
are fabricated by Chartered Semiconductor and the stacking, 
as well as all processing steps required beforehand, is done by 
Tezzaron. Although as many as five stacked layers have been 
demonstrated by Tezzaron, the current Fermilab designs only 
use two layers and the face-to-face stacking method. The 

sketch how a 3D-IC chip using the Tezzaron via first method 
is obtained is shown in Fig. 2. The TSVs can be inserted 
either in one wafer only, as it is indicated in Fig. 2a, or in both 
wafer as it is followed in Fig. 2b. The presence of TSVs in 
both wafers is mentioned later in the article as fulfilling a 
crucial role for bonding of a detector to the readout chip on 
one side and protract all signals to the opposite side of the 
structure. The bonding interface, composed of uncovered 
metal bond-points, is highlighted in Fig. 2a. The bond-points 
are small 2 Pm hexagons instantiated on the continuous 
hexagonal grid at a pitch equal to 4 Pm. The bond-points are 
on the last metal layer. The sketch in Fig. 2b shows that one 
wafer, that will be called ‘top tier’ remains thick and another 
one, which will be called ‘bottom tier’, is thinned down to 
expose the tips of TSVs after bonding. Tezzaron delivers 3D 
structures in such arrangements of top and bottom wafers. It is 
worth mentioning, that the top tier can be in principle thinned 
down too. The whole structure may require interim attachment 
to a handle wafer to achieve this thinning goal.  

The characteristics of the CMOS process used are: large, 
about 26×31 mm2, reticule, single poly layer, 6 Cu metal 
layers, redistribution metal layer for pads, deep nwell, single 
mask metal-insulator-metal capacitors, low power 1.5V 
transistors (standard threshold voltage (SVT), low threshold 
voltage (LVT, zero threshold voltage (ZVT), IO 3.3V 
MOSFETs, high resistivity poly resistors. TSVs, intrinsic to 
the wafer processing, are 1.3 Pm in diameter, 6 Pm deep and 
3.8 Pm minimum spacing is required. 

 

 

 
Fig. 2. Conceptual representation of the fabrication of a 3D-IC chip using 

the via first method and circuits manufactured on CMOS bulk type wafers, 
bonding interface a), bonding, thinning and I/O pads b). 

 
To limit costs of the run, by using eventually only one set 

of masks, the reticule was divided symmetrically into two 
halves. So that the reticule hosts top-tier chips and bottom-tier 

a)

b)

3D Integration
A three-dimensional integrated circuit (3D-IC) structure is 
composed of two or more layers of active electronic and 
sensor components. Enabling technologies include:
• Through-silicon vias (first, middle, last)
• Wafer-wafer or chip-wafer bonding
• Precise wafer thinning (CMP ~ few nm) and alignment
Widely adopted for imaging applications (in your iphone)
For HEP:
• Enables intimate interconnection between sensors and 

readout circuits, innovative circuit/sensor topologies
• Separate digital/analog/ and data communication tiers
• Multi-layer micro/macro pixel designs which can provide 

high resolution with minimal circuitry
• Wafer thinning enables thin, low mass, high resolution, 

and radiation hard sensors
• Bonding technologies enable very fine pitch, low 

capacitance, high resolution pixelated devices
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ͻ State-of-the-Art: published in ISSCC 2017
ͻ Sony product: IMX400
ͻ TSVs are used to connect Pixel array with Logic 

& Logic with DRAM

Bond layer
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Sony IMX400 Tri-layer Stacked CMOS Image Sensor 
(CIS) with Integrated DRAM and DSP

Title:  Sony IMX400 
Tri-Stacked CIS

Pages: 130

Date: July 2017

Format: PDF & Excel file

Price: Full report: 
EUR 3,490

A closer look at the impressive, industry-first, tri-layer stacked CIS

designer decided to release in its flagship the latest and potentially the
greatest innovation in the past decade of CIS manufacturing. Inside the Sony
XperiaΡ XZs and the XZ Premium, the latest Motion EǇeΡ can be found,
with the new IMX400 CIS. This three-layer stacked CIS is made with the
traditional pixel array and logic circuit on the same die, but also a 1Gb
DRAM memory allowing slow motion at almost 960 frames per second.

This innovative CIS is SonǇ Ɛ͛ next generation technology. The CIS includes a 22
Mpixel array, a 1Gb DRAM die and a digital signal processor (DSP) on the
same die footprint. This is the first tri-layer stacked CIS on the market. In this
configuration, Sony can provide a fast readout image sensor with no
distortion when shooting fast-moving objects thanks to the high capacity
DRAM between the pixel array circuit and the DSP circuit.

Using SonǇ Ɛ͛ Exmor-RS and Xperi Ɛ͛ Zibond technologies, Sony has managed to
integrate the three dies in a single thin, small and cost-effective sensor die.
Surprisingly, the die sensor uses a unique sort of TSV at different levels to
interconnect the dies.

This report includes a complete analysis of the camera module from the Sony
XperiaΡ XZs, featuring camera module disassembly and die analyses,
processes and cross-sections. It also includes a comparison with the Samsung
Galaxy S7, Apple iPhone 7 Plus, and Huawei P9 telephoto camera modules. At
the CIS level, it compares the IMX400 with the IMX260, the IMX286, and the
latest custom CIS for Apple from SonǇ Ɛ͛ portfolio. Finally, it contains a
complete cost analysis and a selling price estimation of the CIS die.

Sony leads the global CMOS Image
Sensor (CIS) market, commanding more
than a third share of the indƵstrǇ͛s total
revenue. And over the years, Sony has
maintained its leadership by providing
innovative CIS products for original
equipment manufacturers like Samsung
or Apple. In 2017, Sony as a smartphone



Some FNAL History – Starting with ILC Vertex R&D 

4 Ronald Lipton, CPAD 2021

10 µmTier-1: 30V Back Illuminated APD Layer

Tier-2: 3.5V SOI CMOS Layer

Tier-3: 1.5V SOI CMOS Layer

Completed Pixel Cross-Sectional SEM

10 µm

Transistors

3D
Via

3D
Via

2006 - Found MIT-LL was developing 
a 3D process that met all the 
aggressive ILC vertex goals. 
Fabricated prototype VIP devices 
for DARPA-funded run. 2 Runs.

We became aware of a promising 
bonding technology @ Ziptronix –
our initial study used old BTEV 
wafers with MIT-LL sensors bonded 
to the top layer – worked well

DEPTUCH et al.: A VERTICALLY INTEGRATED PIXEL READOUT DEVICE 887

Fig. 7. Token propagation delay per pixel for different chips at different power
supply voltages.

is significantly longer than the assumed 200 ps, but readout of a
1000 1000 pixel detector is still possible between bunch trains
of the ILC at a reasonable readout clock frequency of 50 MHz.

C. Tests of the Analog Chain

Low pixel-to-pixel dispersions of the threshold level of the
discriminator are crucial as there is no threshold adjustment on
an individual basis per pixel in the chip. When the discriminator
is armed, charge injection from the reset switch automatically
sets a negative threshold (a negative threshold is required since
the discriminator input signal is negative-going). The external
threshold injected through the capacitor moves the threshold of
the discriminator further below the baseline or in the opposite
direction, depending on the polarity of the voltage step applied.
The measurements of the threshold scan were done using the
full sparsified readout mode. After arming of discriminators in
each pixel, a threshold was injected from outside. A series of
measurements were done scanning the threshold in decreasing
order, i.e., from the point where no pixels were triggering up to
the point where almost all pixels were present for readout. Tests
were carried out for two states of the analog front-end circuits.
In the first part of the tests, both the integrator and the discrim-
inator were armed, while in the second group of tests, the in-
tegrator was reset (disabled) and the discriminator was armed.
Threshold injection levels were measured at 4.4 mV with a one
sigma spread of 4.8 mV for the integrator armed, and 21.3 mV
with a one sigma spread of 1.6 mV with the integrator kept
reset. The intrinsic threshold injected by arming the discrimi-
nator can be extracted from the measurement with the integrator
kept reset. Its value, referred to the input of the integrator, is
about 530 with a dispersion of 40 when using the de-
signed gain of the integrator. Operation with the integrator reset
released shifts the effective threshold by about 425 closer
to the baseline and increases threshold dispersions to about 120

. After a careful examination of possible coupling paths and
polarities of signals, it was concluded that capacitive coupling
through the air between the DRst signal and the input pads of
pixels could result in the observed effect. The increase of the dis-
persions may be explained by different coupling distances due

Fig. 8. Triggering threshold dispersions of the analog channels for the state
of the front-end a) with both integrator and discriminator armed and b) when
integrator is reset.

to the geometry of the VIP1 chip. The measured threshold levels
seem to be acceptable for the first prototype. The corresponding
plots showing the measured s-curves and Gaussian fits to the
derivatives are presented in Fig. 8. All 4096 pixels were sub-
jected to this test. The Gaussian model of threshold dispersions
was assumed and fits were obtained with coefficients of deter-
mination and for released reset and kept
reset, respectively. The mean and sigma values of the Gaussian
curve were and
for the release reset and and

for the kept reset conditions. The fits
were performed to smoothed numerically calculated derivatives.
The computed integrals of derivaties are also shown in Fig. 8 in
order to show the deviations from original s-curves. Although,
threshold dispersions match well with the assumed Gaussian
distribution in the central part of the s-curves, a slight slope is
visible in the region of saturation. Linear dependence was added
in the fitting model to account for this underlying wide tail part
of the threshold voltage distribution. Unfortunately, more de-
tailed studies of this secondary effect were not considered prac-
tical due to the little statistics of chips available for test.

Next after the analysis of threshold dispersions, a test charge
was injected into 119 pixels to simulate a hit pixel pattern. The
arbitrarily selected pattern of pixel positions which had their test
charge signals enabled is shown in Fig. 9. The sequence of bits

Authorized licensed use limited to: Fermilab contact x3401/library@fnal.gov for help. Downloaded on April 16,2010 at 19:27:47 UTC from IEEE Xplore.  Restrictions apply. 

We began a major effort with int. 
colleagues with Tezzaron – cu-cu 3D 
bonding + Ziptronix sensor 
integration – a long haul – but the 
Ziptronix technology was successful. 
FNAL designed 3 chips – CMS, ILC, 
X-ray all integrated to BNL sensors

.5	mm	
sensor
(BNL)

34	micron	
high	2-tier	
VICTR	chip

Threshold 
and noise 
Pixel maps

Threshold
curve

Plus studies of monolithic SOI (KEK, ASI), Laser anneal (Cornell), interposers, active edge  

VIPIC watch
gear
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• All three 3D Chips worked – VIP (ILC) 
and VICTR (CMS) tested on the bench. 
VIPIC was extensively tested in particle 
and x-ray beams. 

• Yields were about 50% - 3D bonding 
and multiple tier assembly

3D Test Results – circa 2011

CD109 radiogram of tungsten mask

400x400 µm
mask

VIP – ILC 24µ pixels, 
Time stamp, ADC
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For the VIPIC x-ray imaging chip we were able to 
compare noise of the oxide-bonded pixels to the 
same chip with bump bonds. The noise in the 
oxide bonded pixels is  almost a factor of two 
lower than the conventionally bump bonded parts 
due to lower capacitance. 

• Results achieved through the efforts of collaborators. 
• Tezzaron and Ziptronix, as the current 3D technology providers. 

• 3D-integrated pixel ROIC (VIPIC1chip)  

results  of tests in configuration with: 

- bump-bonded sensor 

- fusion-bonded sensor 

 

9 

5.4×6.5 mm2 VIPIC1 
with 32×38 pixels 
detector 
bump bonded 

34 mm thick VIPIC1 
DBI bonded to 
64×64 with pads 
on its back 

CPIX14, Bonn, Germany, 15-17 September 2014 

Proofs of 3D concept 

VIPIC1 with DBI 
bonded sensor 
Sn-Pb bump-
bonded on PCB 

Wirebond
or bump bond I/O



Ziptronix
(DBI wafer 
bonding)

Tezzaron
(Memory)

Chartered
(IC Fab, Singapore)

SVTC
(R&D Foundry)
Sematech->
Cypress->SVTC

GF
(no via first)

Develop via last TSV

Tessera
(licensing)

Fab

DBI

Novati
(Fab)

Tezzaron
(3D memory)

Nhanced
(R&D)

(cu bonding) (DBI bonding)

(via first)

Austin
Fab

Scorpious

It wasn’t easy …

Our initial work with Tezzaron/Ziptronix was successful but:
• The initial Tezzaron cu-cu bonding process did not work
• Ziptronix DBI did work, and was used for the final wafers
• We achieved two tiers of wafer-wafer + 1 chip-wafer
The subsequent run included which included x-ray sensors and 3D track trigger designs used 
similar technologies - but the ground shifted under our feet:
• The Chartered 130 nm via-first TSV process was not longer available
• SVTC (bankrupt)->Novati tried to develop “via last” – this did not really work for our design
• Other vendors could not handle the aggressive DBI pitch

we used
• Companies disappeared and morphed

The result was that the 
second run has not yet
yielded any results.

6

Sony, IZM, Teledyne, 
MIT-LL, SMIC, Tower …

Wafer-wafer bond

1

2
3

Chip-wafer bond

34 µ



Possibilities and Challenges

3D integration offers a number of possibilities
• Very fine pitch
• Multiple layers of electronics (analog/digital)
• Low noise (low capacitance interconnect, small pixels)
• Heterogeneous integration (different sensor, IC 

technologies in a stack)
Challenges
• Access/cost (Nhanced, MIT-LL, Tower/Jazz, Sandia, 

IZM, Skywater …)
• TSV integration (only from some foundries)

– Via first, middle, last
• Die-to-wafer bonding

– Small dicing shards are deadly -> plasma dice
• Multi-chip stack yield (Yn) and test
• Design tools
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VICTR& VIP&VIP&

VIPIC& VIPIC&

3D stacked chips DBI bonded to BNL 
sensor wafer (FNAL)

x-section of W-filled TSVs from 
Fermilab test-TSV via-last run 



Applications – 3D SIPM

More sophisticated photodetector:
• Active quenching
• Interpixel communication
• Digitial timing and discrimination
• Hit pixel counting
• Timing window
• Better fill factor – eliminate periphery
• Back side illumination
3D SIPM development at Sherbrooke, Canada with 
Teledyne/Dalsa also @ EFPL, Edinburgh, INFN, 
DESY/MPI, HPK, and MIT-LL (from Pratte et. al.)
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Applications  - Edgeless array
Combine active edge sensor technology with 3D electronics and 
oxide bonding with through-silicon vias to produce fully active tiles.
• These tiles can be used to build large area pixelated arrays with 

good yield and reasonable cost (test stack after 3D integration)
• Tiles can populate complex shapes with optimal tiling and low 

dead area, stitching not needed
• Only bump bonds are large pitch backside interconnects
• High density and geometrical flexibility
Prototypes fabricated, but not fully Assembled (broken in shipment)
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Applications – Double Sided LGAD

Low Gain Avalanche Diode with fine pixels on 
the hole-collecting side
• Anode can provide timing with coarse pitch
• Cathode subdivided into small pixels

– Records “primary” hole collection, then 
holes from gain region – double peak 
that reflects charge deposition pattern

– Lower power due to large signal from 
the gain layer

• Resulting current pattern can be used to 
measure angle and position.

• Top tier can survey a field of pixels –
provide centroids, angle data …

• A thicker detector can be optimized to 
measure angle or charge deposit 
location

10 Ronald Lipton, CPAD 2021
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Use anode for timing, cathodes for pulse 
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Application – 3D CAMS for trigger

The essence of VIPRAM is to divide the 
CAM trigger approach up into different 
tiers, maximizing pattern density while 
minimizing critical lengths and 
parasitics.

12 Ronald Lipton, CPAD 2021
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The Development Landscape
There are a variety of R&D projects utilizing 3D/TSV technology
SPADs in CMOS
• “Backside illuminated SPAD image sensor with 7.83 μm pitch in 3D-

Stacked CMOS technology” T. Al Abbas et al, University of Edinburgh 
and STMicroelectronics, 2016 IEEE IEDM

• M.-J. Lee,..., E. Charbon, “High-performance back-illuminated three-
dimensional stacked single-Photon Avalanche diode implemented in 
45-nm CMOS technology”

Medipix and Timepix - AIDA program (via last)
• M. Campbell et al, “Towards a new generation of pixel readout chips”, 

2016 JINST 11 C01007
• D. Henry et al., TSV Last for Hybrid Pixel Detectors: Application to 

Particle Physics and Imaging Experiments , (ECTC) (2013), p. 568
• X. Llopart, “Towards a new generation of Medipix and Timepix ASICs”, 

FEE 2018, Orford, Canada
Collider
• Bonn - Through-Silicon Vias in 130 nm CMOS FE-I4 pixel readout 

chips
• M. Yamada et al., "3D Integrated Pixel Sensor with Silicon-on-

Insulator Technology for the International Linear Collider Experiment," 
2019 International 3D Systems Integration Conference 

X-ray
• Flora, VIPIC-L, Faspax - G. Carini et al, “Hybridized MAPS with in-

pixel A-to-D conversion readout ASIC for high-throughput imaging”, 
ULITIMA 2018, Argonne National Lab.

• XIMOS – CMOS sensor with peripheral TSV
• The TSV process in the hybrid pixel detector for the High Energy 

Photon Source, NIM A, Volume 980, 2020 
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Fig. 1. Hybrid pixel module concepts (left) using standard wire-bonding to module flex
kapton circuit and (right) a concept using TSVs to connect via the chips backside.

Fig. 2. Pictures of ATLAS pixel read-out chips after TSV processing: (a) Frontside with
UBM bump pads. (b) Backside with TSVs and redistribution layers. (c) X-ray picture with
TSVs.

with thinning the silicon wafer from backside to the target thickness
of 100 and 80 �m respectively. The TSVs are etched using a deep
reactive-ion etching (DRIE BOSCH process [4]) until getting access to
the first metal layer of the back-end of line (BEOL) stack. In a next
step TSVs are insulated against the silicon bulk by a plasma-enhanced
chemical-vapor deposition (CVD) oxide process. After deposition of
a sputtered adhesion/barrier layer of titanium followed by a highly
ionized physical vapor deposition of a copper seed layer the liner filling
of the via with copper is done using electrochemical deposition. In the
same process step also the first layer of the RDL on the chip backside
is deposited, followed by the deposition and patterning of a polymeric
dielectric layer. In order to create a solderable and wire bondable UBM
pad metallization on read-out backside a final nickel–gold pad metal
is deposited. The processing of the wafer is finished by releasing the
handling wafer from the frontside, cleaning of the frontside and dicing.

Altogether 126 TSVs are formed per read-out chip. The chip size is
roughly 2 ù 2 cm2. The entire process was developed and optimized by
Fraunhofer IZM, Berlin for the 200 mm ATLAS FE-I4 chip wafer which
consists of 60 chips. Fig. 2 shows pictures from the front- and backside
of the fully processed FE-I4 chips as well as an X-ray picture of the area
of the TSVs underneath the wire bond pads taken under an angle. On
the frontside picture the regular pattern of the nickel/gold UBM pads for
the bump bonding are visible. The backside picture shows the two-layer
RDL structure: the copper traces connect each TSV and route them on
the backside of the chip whereas the nickel/gold layer connects together
the traces of two voltage nets needed for such a large ASIC. Furthermore
for each necessary trace a solderable pad has been implemented to allow
electrical testing via the chip backside and the TSVs. The X-ray image
verifies the connection of the TSVs through the entire thickness of the
chip and to the M1 layer of the BEOL.

Fig. 3a shows a cross section of a TSV from the FE-I4 run. The copper
filling covers the complete via bottom as well as the sidewall of the TSV
and shows a good connection to the M1 metal layer of the chip. The
insulation to the silicon bulk has been measured on dedicated TSV test

Fig. 3. (a) Cross section of two 60 �m wide and 100 �m deep TSVs partially filled with
copper. (b) Noise distribution and scatter plot of a read-out chip operated via RDL and
TSVs after tuning. The mean noise is 123 ENC and homogeneous over the entire chip.

structures. The breakdown voltage of the insulation layer is above 40 V
for all tested TSVs. This value is sufficient for the safe operation of the
CMOS circuitry.

Fully processed FE-I4 chips have been tested electrically after mount-
ing them on a support PCB.Wire-bonds connect the backside nickel/gold
pads to the PCB and the chips have been tested with a standard test
system. Analog front-ends in the chips have been tuned by internal per-
pixel digital trimming to reach a threshold of 3000 e* with a mean
distribution widths of 40 e*. As depicted in Fig. 3b noise measurements
reveal typical values with respect to chips without TSVs and prove that
TSV chips can be operated with no performance degradation.

3. Conclusions

A prototype run of post-processed TSVs of three ATLAS FE-I4 wafers
has been completed successfully. Results showed a good homogeneity
of the TSVs and RDLs over the wafer. Chips can be operated electrically
through the RDL and TSV without any performance degradation proving
the concept of the approach. In a next step the TSV chips will be flip-
chipped to dedicated sensors and the performance of the hybrid pixel
detector modules will be evaluated. Further chips and wafers will be
tested for a yield analysis of the post-processing.
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A High-PDE, Backside-Illuminated SPAD in
65/40-nm 3D IC CMOS Pixel With Cascoded

Passive Quenching and Active Recharge
Scott Lindner , Sara Pellegrini, Yann Henrion, Bruce Rae, Martin Wolf, and Edoardo Charbon

Abstract— We present a complete pixel based on a
single-photon avalanche diode (SPAD) fabricated in a
backside-illuminated (BSI) 3D IC technology. The chip
stack comprises an image sensing tier produced in a
65-nm image sensor technology and a data processing
tier in 40-nm CMOS. Using a simple, CMOS-compatible
technique, the pixel is capable of passive quenching and
active recharge at voltages well above those imposed by
a single transistor whilst ensuring that the reliability limits
across the gate-source (VGS), gate-drain (VGD) and drain–
source (VDS) are not exceeded for any device. For a given
technology, the circuit extends the maximum excess bias
that SPADs can be operated at when using transistors as
quenching elements, thus improving the SPAD sensitivity,
timing performance, and photon detection probability uni-
formity. Implemented with 2.5-V thick oxide transistors and
operated at 4.4-V excess bias, the design achieves a timing
jitter of 95-ps full-width at half maximum, maximum photon
detection efficiency (PDE) of 21.9% at 660 nm and 0.08%
afterpulsing probability with a dead time of 8 ns. This is both
the lowest afterpulsing probability at 8-ns dead time and the
highest peak PDE for a BSI SPAD in a 3D IC technology to
date.

Index Terms— Single-photon avalanche diode, single-
photon imaging, 3D image sensor.

I. INTRODUCTION

ARECENT paradigm shift in single-photon avalanche
diode (SPAD) based imagers is the development of

imaging ICs in 3D technologies, with the first demonstration
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Fig. 1. p-well/deep n-well SPAD [6] in 65/40 nm 3D IC CMOS technology.

of a 3D IC SPAD achieved in [1]. In addition to the increase
in fill-factor (FF) obtained by placing the CMOS circuitry
beneath the SPAD, the technologies for the photodetector
tier and CMOS processing can be chosen independently [2],
thus allowing the combination of image sensor processes with
high density CMOS. The disadvantage is that the maximum
operating voltage of a transistor, and thus the excess bias when
using a single transistor to quench and recharge, in highly
scaled technologies is very limited. In technologies at 65 nm
and below it is typical for thick oxide devices to be tolerant
to just 2.75 V. For certain high performance SPADs [3], [4],
the timing jitter and PDP can be improved greatly when
biased above this voltage with only a small increase in dark
count rate (DCR). Furthermore, operating at high excess bias
improves the (PDP) uniformity across an array [3]. Thus, there
is a pressing need for quenching and recharge circuits with a
maximum excess bias voltage greater than 2.75 V.

In this letter we present a cascoded passive quenching
and active recharge (PQAR) pixel which can operate at
excess biases above the tolerance of a single low-voltage
thick oxide transistor without the use of an area intensive
poly-silicon resistor [4] or a high voltage process option [5].
The quenching and recharge circuit is coupled to a BSI SPAD
in a 3D IC implementation.

II. SPAD STRUCTURE AND 3D IC TECHNOLOGY

The SPAD multiplication region is formed between the
p-well and deep n-well implants, as implemented in [6],

0741-3106 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Schematic of the pixel circuit of the SOFIST.

position and timestamp within one pixel. To maintain low
hit occupancy, multiple memories for the analog signal and
timestamp are implemented in the pixel. Existing groups
employ a rolling-shutter readout or a small size pixel [6][7];
however, the signal readout time becomes longer when the
number of hits increases with beam luminosity. However,
the functions should be implemented into the 20 × 20 µm2

pixel to achieve the spatial resolution of 3 µm. To achieve
3 µm of the spatial resolution, a weighted center of charges
are calculated by utilizing charge spread amoung pixels. Three
dimensional (3D) integration technology is the one of the
solution for implemetation of high functional signal readout
circuit. Some research groups in Europe and United States
have been developing a 3D stacking sensor for the high energy
physics experiments and X-ray imaging [8][9]; however high
yields have not been obtained due to the high demands for
flattening of the connection surface and complex process flow.
SOFIST4 is the 3D-stacking SOIPIX. Two SOIPIX are stacked
by Au under bump metals and bumps for bonding formed on
vias which have been additionally processed on top metal. This
indicates that the SOIPIX can be integrated in the sensors
through chip-on-chip or chip-on-wafer stacking, minimizing
additional processing in wafer fabrication. We expect that
multiple SOIPIX chips can be stacked by using the via through
the BOX.

II. 3D INTEGRATION PIXEL DETECTOR

A. Au micro cylinder bump bonding
The SOI based 3D integration process is chip-on-chip

stacking [10] as shown in Fig. 3. The wafer for 3D stacking
is processed up to formation of the via for the top metal
(via-5) by Lapis Semiconductor Co., Ltd. The formation of
the micro cylinder bump and chip stacking are performed by
Tohoku-MicroTec Co., Ltd [11][12]. Au under bump metal
(UBM) is sputtered and patterned on the via-5 by lithography
after the dicing of the lower and upper chips. The size of the
UBM is 5× 5 µm2. On the UBM, Au micro-cylinder bumps,
3 µm in diameter, are formed as shown in Fig. 4 on both
the lower and upper chips by utilizing photo-resist and resist
lift-off. After bump formation, the lower and upper chips are
aligned and bonded, and then adhesive glue is injected to the
junction. The handle silicon of the upper chip is removed to
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Fig. 3. 3D stacking with the Au micro-cylinder bump for the SOIPIX.

Fig. 4. SEM image of Au micro-cylinder bump.

construct wire bonding pads by wet etching until the BOX
and TBV are exposed. Patterned aluminum pads for wire
bonding are formed by sputtering. An oxide layer is sputtered
as passivation and pad opening.

B. SOFIST4
SOFIST4 is our first of 3D integrated SOI pixel detector

prototype for high energy accelerator physics experiment,
particularly as the vertex detector of the ILC experiment.
SOFIST4 has a sense node of pn diode, charge sensitive
amplifier (CSA), and comparator for a lower chip, a shift
register, analog signal memories and timestamp function for
three hits for the upper chip in a 20 × 20 µm2 size pixel, as
shown in Fig. 2. A pixel array consists 104× 104 pixels. The
CSA consists of a common-stage with a feedback capacitance
Cf of 3 fF. Considering the required material budget, Cf is
chosen by a assuming 50 µm thickness sensor. The designed
output of the CSA is approximately 0.3 V for 3,700 elec-
trons for one minimum ionizing particle passing through a
50 µm thick silicon sensor. The analog signal from CSA stores
to the analog memories for three hits. A chopper inverter-type
comparator discriminates the signal and noise according to the
set threshold Vth. The shift register works as hit-memories
and to switch control for the memories associated with the
comparator output. Hit timestamps are recorded as the voltage
of the ramp signal to timestamp the memories for three hits.
The ramp signal, which is input to the timestamp memories,
assumes 1 V/1 ms, which corresponds to the length of the ILC
bunch train. The timing of the change of comparator output
(low to high) is stored as the timestamp. These functions are
implemented into lower and upper pixels, and the comparator
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2.5D Interposers & Chiplets
Known good die can be combined on an active or 
passive interposer, with or without TSVs
• Interconnect on silicon or glass substrate

– Fine pitch, fast, dense
• Uses on microbump arrays + hybrid bonding
• Build complex assemblies with specialized ASICs
• A better way to implement

– Front end amplification
– Optical data transfer
– Power conversion
– Data concentration and filtering
– Trigger generation

• Could provide possibly more elegant solution for i.e. the 
CMS PS module (4 chip-on-flex hybrids)
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Packaging Technologies
GF Si nodes are quali!ed in a wide range of package 
technologies including 2D wirebond designs, "ip 
chip, WLCSP and FOWLP con!gurations, as well 
as 2.5D, 3D and Si-Photonics. The 2.5D package 
technologies leverage GF TSV Si interposer technology 
using 65nm and 32nm process node design rules, 
while 3D technologies utilize TSV technologies 
developed for 14nm and 12nm FinFET logic nodes.

TSV Si Interposer  Availability
Full Reticle 26x33mm2

Stitched Interposer >1300 mm2

10:1 Aspect Ratio TSV 10um Dia./ 100um Depth

TSV Pitch 40um

L/S 0.8/ 0.8um 

Deep Trench Capacitors 400nF/mm2

BEOL Layers
4 Metal Layers

5 Metal Layers

GF OSAT
TSV Interposer  
Fabrication

TSV reveal – MEOL 

u-Bumping 

D2W assembly

W2W assembly 

Package Assembly  

Test

Package REL

Product Qual

HVM Ramp 

2.5D — Si Interposer, HBM

Si Interposer

4 stack 
TSV DRAM 

(HBM) 

32nm Logic 
with TSV 

C4 Bumps

3D Logic + HBM Deep Trench (DT) Capacitor 3D Package

Advanced Packaging Solutions

GF’s in-house capabilities for process development, 
silicon validation and quick turn assembly of 2.5D 
and 3D package technologies provide differentiating 
technologies that result in a shorter time to end- product 
quali!cation and faster product ramp at OSAT partners.

Available In Development
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Global Foundries

Intel EMIB, Foveros

TSMC SoIC

Samsung PoP



Access and Comments
Comments on the “cutting edge”
• Companies can appear and disappear (with access 

and capabilities)
• We (HEP) are more willing to take risks than most 

other customers and can provide valuable service as 
“first adopters”

• We benefited from aggressive ILC goals and detector R&D 
funds

• Labs (for example BNL, MIT-LL, SLAC, FNAL) are capable 
and interested, but costly. R&D funds and people are limited

• Access to foundries is crucial for much of the work. All major 
foundries now have 3D technology, – a few are willing to talk.

• TCAD and simulation tools are powerful and underutilized (in 
the US)

• Close collaboration with engineering groups is essential
• University semiconductor labs can be a great resource, but 

help can be limited. Student participation is very important.
• Funding can be obtained from SBIRs – that is what the 

program is for. But:
– Companies can overstate their capabilities – be skeptical 
– You need to provide expertise to get what you want
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FLUFXLW GHVLJQHUV GRQ¶W KDYH to bother with flipping the designs between the two chips as in the next architecture. Finally, 
the detector array and the hybridized 3D-ROIC wafer pair are hybridized face-to-face using indium micro-bumps or DBI 
bonding. 

The second 3D-ROIC architecture, shown in Figure 1(c), first performs face-to-face hybridization of the digital and 
analog ROIC wafers. Next, if via-middle integration is used in the analog ROIC wafer, the backside of the wafer is 
thinned down to expose the bottom vias; for via-last integration, vias are added to the analog ROIC wafer after wafer 
backside thinning. Finally, the detector array and the hybridized 3D-ROIC wafer pair are hybridized face-to-back using 
indium micro-bumps or DBI bonding. The hybridization steps are reduced and simplified in this architecture. However, 
circuit designers have added complexity in managing flipped designs between the analog ROICs and the digital ROICs. 

The implementation of the above architectures using DBI bonding is described in more detail in Section 4. In 3D-ROIC 
integration schemes involving more than two silicon layers, the last architecture can be extended to multiple levels of 
hybridization using the front surface of the additional silicon layer to be hybridized with the back surface of the already 
hybridized pair using face-to-face hybridization, by repeating the steps of the second architecture. Having the via-middle 
module in all the intermediate layers in the hybridization simplifies the hybridization steps. 

3. PROCESS MODULES FOR HIGH DENSITY INTERCONNECT 3D-ROICS 

This section describes three modules critical for high density interconnect 3D-ROICs. Using these modules provides 
significant flexibility in building any 3D structures with two or more levels of stacking. 

3.1 Isolated Deep Silicon Via (iDSV) Module 

The key to widespread use of the 3D-ROIC architectures described above is simplification of the process flows, which 
keeps the cost and complexity low, the yield high, and the foundry services supply chain simple. In the absence of a 
single foundry service provider of high interconnect density 3D-ROIC solution within the USA today, the via-middle 
approach with the insertion of the isolated deep silicon via (iDSV) module within the analog ROIC process flow 
provides connectivity to bottom side of the wafer for hybridization and simplifies high density interconnect 3D-ROIC 
manufacturing using multiple foundries. TowerSemi Newport Beach mixed-signal CMOS technology nodes for analog 
ROIC applications with the integrated iDSV significantly eases the high density hybridization processing through wafer 
thinning, wafer bonding, and hybridization service providers. 

 

 
              (a)            (b)  

Figure 2. (a) Schematic of thick film SOI process with greater than 1Pm thick epi, ~1Pm thick buried oxide, and ~1Pm 
wide oxide filled deep trench; (b) FIB Cross-section SEM picture of the iDSV extending from below metal1 
though the oxide filled deep trench and buried oxide of the thick film SOI substrate and terminating in the 
handle wafer. 
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Thick film SOI
process

Tower/Jazz TSV process



Ecosystem needs

• TSV availability in affordable nodes with high aspect ratio and fine pitch
– Foundry Multiproject runs (Europractice/CMP 3D TSV(last) and micro-bumps)

• IP protection
– Viable via-last processes – not one-offs
– Post-process hybrid bonding availability (Nhanced, others … getting there)

• Chip-chip and chip-wafer bonds (yields)
• Interposer and chiplet design and assembly (old-style hybrids)
• 3D compliant design tools, standard cells
• Testing 3D structures
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sequence. Once the desired number of die stacks are 
achieved, the host wafer receives a final anneal process. 
The Cu-to-Cu interconnect across the entire stack is 
formed during the final anneal process. Since the Cu 
bond pads are completely surrounded by bonded oxide 
surface and there is no exposure to the environment in 
the oven, Cu oxidation in the bonded area is not a 
concern. Therefore, anneal may be carried out in air 
unless there are exposed Cu pads outside of the bonded 
area on the host wafer.  

 
Figure 4:  Illustration of the prototype D2W bonding 
process flow and the production ready process flow  

The prototype flow provides a platform to gain 
understanding of the die cleaning and bonding 
requirements. The production ready flow development 
addresses the engineering requirements for high 
throughput assembly. In the production ready flow, we 
eliminate manual picking of the die and custom trays for 
die preparation.  Instead, the dicing tape on frame serves 
as the carrier for all die preparation prior to entering the 
pick and place tool. Figure 5 shows a diced 200mm 
wafer on frame that is cleaned and ready for bonding.  

 

Figure 5: Picture of a diced 200mm wafer cleaned and 
activated on dicing frame and ready for bonding. 

In our study, we used a Datacon Evo 2200 to pick the die 
directly from the frame and flip it for bonding. We have 

reported that the bonder can run at full speed specified 
by the equipment manufacturer since the bonding 
process is spontaneous [ix].  

We have shown images and cross sections of D2W 
bonded parts for single layer and 4-high die stacks 
previously.  Figure 6 shows a picture and cross-section 
of a 20-die stack on a host wafer. The stack height is the 
sum of total die thickness only. In this case, the die are 
50um thick and the stack height is 1mm. In addition to 
minimizing stack height, the removal or organic material 
between die enhances heat transfer through the stack and 
thermal and electrical specifications [viii]. By 
eliminating the solder and under-fill between layers, the 
assembly process streamlines, the stack height reduces 
and the overall performance improves. 

 

   (a) 

 

   (b) 

Figure 6: (a) Picture of a 20-die stack on a host wafer. 
Die thickness is 50um, stack height is 1mm; (b) Cross-
section of the 20-die showing oxide and Cu hybrid 
bonding structure.  
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20 die x 50µ hybrid bonded stack

Advanced Packaging Solutions

GF Technology Node (nm) 
180 130 65 55 45 40 32 28 22 14 12

QFN

FBGA

fcCSP (SnAg)

fcCSP (Cu)

FCBGA (SnAg)

FCBGA (Cu)

WLCSP

FOWLP

TSV

2.5D

3D

GF Technology Node (nm) 
40 32 28 22 14 12

Solder Bump    130µm

Cu Pillar  80µm

Bump capabilities include lead-free solder bump quali!ed down to 130µm and Cu pillar down to 80µm bump pitch.  
Cu pillar is also quali!ed and available in both round and oblong con!guration. Wafer probe capabilities include both 
probe on bump as well as probe on pad with various tester platforms.

Chip-Package Interaction (CPI) characterizations are 
carried out across all nodes, with package con!gurations 
that ensure the compatibility of GF Si with customer-
speci!ed package types. Package Test Vehicle (TV) design 
in connection with the CPI test chip enables package 
assembly at OSATs, followed by reliability stressing at GF 
toward the quali!cation of package and Si node. Back-End-
of-Line (BEOL) Si stack skews are designed and selected 
for CPI quali!cations based on customer requirements.

GF OSAT
Package TV Design

CPI Test Chip Design 

Package Assembly 

Final Test Development 

REL Stressing 

REL Readouts / FT 

FA

SnAg Solder Bump Round Cu Bump Oblong Cu Bump

Available In Development

Package Roadmap



Conclusions

• Now is the time when detector R&D should ramp up for the 
next generation of experiments. 
– Experimental challenges are not getting any easier

• There are many promising technologies becoming 
available that have the potential to revolutionize the next 
generations of experiments
– Investment with delayed payoffs

• We need to think about what technologies will be available 
10 years from now and start developing the tools to use 
them

The reach of our experiments has always been defined by the 
instrumentation we use. We need to continue to invest.
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Collaborators/Companies

Ziptronix, Tezzaron, Nhanced, Novati/SVTC, MIT-LL, RTI, KEK, T-
Micro, American Semiconductor, Cactus Materials, Tower/Jazz, On 
Semiconductor, Voxtel, CVI

Cornell, BNL, SLAC, LBNL, FNAL, KEK, Argonne, + 3D consortium 
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Applications – Induced currents

3D allows for small pixels with small associated load 
capacitance. Small pixels with ~25x smaller capacitance 
should have similar timing performance to LGADs.
• Should be more radiation hard, but more power with 

denser electronics
The current pulse reflects charge motion deep in the detector
• Can use the current pulse to measure track angle, depth 

of charge deposition
• Depends sensitively on the “weighting field”
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i = −q
!
Ew ×

!v

Qs = i dt = q
!
Ew∫∫ d!x

Q1→2 = q(Vw2 −Vw1)



Two-Tier Devices

• Final two-tier face-to-face bonded 
wafers were delivered in 2013

• VICTR and VIPIC wafers were tested, 
both bare and with bump bonded 
sensors.

R. Lipton20
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Chip-to-Wafer bond
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DBI bonding of 
ROICs (VICTR, 
VIPIC, VIP) to 
BNL sensor 
wafer 


